ABSTRACT The photovoltaic signal associated with the primary photochemical event in an oriented bacteriorhodopsin film is measured by directly probing the electric field in the bacteriorhodopsin film using an ultrafast electro-optic sampling technique. The inherent response time is limited only by the laser pulse width of 500 fs, and permits a measurement of the photovoltage with a bandwidth of better than 350 GHz. All previous published studies have been carried out with bandwidths of 50 GHz or lower. We observe a charge buildup with an exponential formation time of 1.68 6 0.05 ps and an initial decay time of 31.7 ps. Deconvolution with a 500-fs Gaussian excitation pulse reduces the exponential formation time to 1.61 6 0.04 ps. The photovoltaic signal continues to rise for 4.5 ps after excitation, and the voltage profile corresponds well with the population dynamics of the K state. The origin of the fast photovoltage is assigned to the partial isomerization of the chromophore and the coupled motion of the Arg-82 residue during the primary event.
INTRODUCTION
Bacteriorhodopsin (BR) is a trans-membrane protein found in the archae Halobacterium salinarum (Oesterhelt and Stoeckenius, 1971 ). The protein functions as a light-driven proton pump in the outer membrane of the organism, and provides a photosynthetic source of energy when the oxygen concentration drops below that capable of sustaining respiration (Birge, 1981; Mathies et al., 1991; Ebrey, 1993; Song and ElSayed, 1998; Lanyi and Pohorille, 2001 ). The cell membrane of H. salinarum contains purple membrane (PM) fragments that are ;5-nm thick. The main constituent of these PM fragments is BR, which arranges itself into a hexagonal lattice of trimers with a lattice constant of ;6 nm. The trimeric arrangement of BR in PM fragments enables the protein to absorb light with equal efficiency in all polarizations. The chromophore of light-adapted BR is an all-trans retinal cofactor, bound to the protein via a protonated Schiff base linkage to lysine-216. The positive charge of the chromophore is localized primarily in the imine region of the chromophore and is stabilized by two nearby aspartic acid residues . A positively charged residue, Arg-82, interacts with Asp-85 and Asp-212 to form a quadrupole and these three residues are all critical in the wavelength regulation of the chromophore (Ren et al., 2001) .
Upon the absorption of light, there is a shift of electron density from the b-ionone ring of the chromophore toward the Schiff base (Fig. 1 ). This shift is comparable to a 2.6-Å displacement of a single electron down the polyene chain (Birge et al., 1999) , and is in the opposite direction of the initial photovoltage spike that is observed in BR (Trissl, 1990) . This charge shift is so short in duration that no experimental method has yet been able to observe the voltage associated with the excitation process. But this charge shift is a critical component of the primary event because it sets in motion events that lead to the photoisomerization of the chromophore (Zadok et al., 2002) . In particular, the charge shift makes the imine linkage more negative and establishes a repulsive interaction between this region of the chromophore and the two nearby aspartic acid residues (85 and 212; see Fig. 1 ). This repulsion triggers a torsional photoisomerization about the 13-cis double bond of the chromophore (Mathies et al., 1988; Birge, 1990; Song et al., 1993) . It is generally believed that the initial photovoltaic signal (B1) reflects the photoisomerization of the chromophore during the primary event (Rayfield, 1994; Groma et al., 1995; Hsu et al., 1996) .
The high quantum efficiency, large oscillator strength, broad-band absorptivity, thermal stability, and fast photovoltaic response of the protein make it an attractive material as the photoactive element in high-speed photoreceivers (Birge, 1990) . Such applications include high-speed tracking, motion, and edge detection as well as high resolution imaging (Birge, 1990; Miyasaka et al., 1992; Takei et al., 1991; Chen and Birge, 1993; Fukuzawa et al., 1996) . The significant potential of BR as a light-transducing material was recently shown in a hybrid protein-semiconductor monolithically integrated transimpedance photoreceiver (Bhattacharya et al. 2002) . In this device, the photovoltage generated by the protein biases the gate of an amplifying field effect transistor, creating a photocurrent signal that is further amplified as a current or voltage signal in subsequent transistor-based amplifying stages. The optoelectronic integrated circuit uses the protein as a photodetector, demonstrating performance characteristics comparable to, or better than, all-semiconductor optoelectronic integrated circuit photoreceivers (Xu et al., 2001) . But none of the devices studied to date tests the ultimate capability of the protein to provide an ultrafast response. To establish the full potential of such integrated devices and circuits for high speed applications, it is necessary to characterize the dynamics of the initial (B1) photovoltage transient (Blaurock and Stoeckenius, 1971; Khorana et al., 1979; Czege et al., 1982; Kononenko et al., 1987; Henderson et al., 1990) . This study determines the initial (fast) photovoltaic response of the protein by using a technique with an effective 3-dBbandwidth of 350 GHz, a temporal resolution roughly six times greater than previous studies. The results provide a perspective on the ultimate device capability of the protein as well as insights into the molecular origins of the fast photovoltaic signal.
The kinetics of the fast (B1) photovoltaic signal have been studied previously by using a variety of techniques (Groma et al., 1984 (Groma et al., , 1995 Trissl, 1985; Simmeth and Rayfield, 1990; Rayfield, 1994) . Simmeth and Rayfield (1990) have reported a time constant of \5 ps determined from the transient signal generated by pulsed laser excitation and observed on a highspeed digital oscilloscope. However, the pulse width of the exciting laser in these experiments was 3 ps and the K-connector used to connect the BR sample cell to the measurement circuitry of the oscilloscope limited the bandwidth of the latter to 70 GHz, which is proportional to an ;5-ps rise time (Rayfield, 1994) . From a similar measurement, Groma and coworkers have reported a time constant in the range of 2.5-5 ps (Groma et al., 1995) . The latter studies benefited from the use of a much shorter laser pulse width of 150 fs, but the temporal response of the measurement was limited by the use of an SMA connector (18 GHz) and a 40-GHz sampling head. The measurements reported here use a 500-fs laser and an ultrafast electro-optic (E-O) sampling technique (Whitaker et al., 1994) , wherein the photoinduced electric field generated by BR is directly probed. The technique is limited by the laser pulse width and yields a temporal resolution of better than 1 ps, which converts to an effective 3-dB bandwidth of 350 GHz. Our apparatus is shown in Fig. 2 .
In a nonlinear E-O crystal, the induced birefringence, or electro-optic effect, causes unequal refractive indices, n x and n y , along the privileged directions x and y for a wave propagating in the z-direction. The polarized components of a wave traveling along x-and y-directions will travel with different propagation constants and a phase difference, or phase retardation. The electric field-dependent phase retardation is given by
E z ðx; y; zÞ dz;
FIGURE 2 A schematic diagram of the electro-optical measurement system used to observe the photovoltage associated with the excitation of a thin film of BR by a 500-fs pulse width laser. The pump beam (532 nm, SHG of 1060 nm light using nonlinear BBO crystal) and probe beam (1060 nm), generated from the same 500-fs pulse train, are directed onto the sandwiched ITO/oriented bacteriorhodopsin film/electro-optic crystal with a controllable optical delay. The induced birefringence in the electro-optic crystal by the electric field of the photo-pumped bacteriorhodopsin film, as shown in the inset, is translated into the intensity variation after the probe beam propagates through the polarizer/analyzer pair. The light signal is detected with an InGaAs photodetector using lock-in techniques and plotted as a function of delay time. The sample has a surface area of 10 3 10 cm 2 . The intensities of pump and probe beams are 50 mW/cm 2 (;35 mJ/cm 2 pulse energy density) and 300 mW/cm 2 (;200 mJ/cm 2 pulse energy density), respectively.
FIGURE 1
The purple membrane containing bacteriorhodopsin will spontaneously orient in an applied field and attach to the positively charged surface as schematically shown here. By convention, a photovoltage that goes in the same direction as the proton pump is assigned to be positive. The electrostatic field generated by excitation of the chromophore is shown with more positive regions marked with red lines and more negative regions marked with dark blue lines.
where n 0 is the quiescent refractive index of the E-O crystal, r 41 is its linear electro-optic (Pockels) coefficient, E z is the applied field, and h is the thickness of the crystal. Thus, the linearly polarized incident light will be elliptically polarized at the output of the E-O crystal. By placing the crystal between crossed polarizers, the change in direction of polarization is translated into an intensity variation proportional to the applied field. The light intensity detected by the photodiode is given by:
If the E-O crystal is placed in close proximity of the BR sample, the transient photovoltage developed in it upon photoexcitation will be transmitted to the E-O crystal. Scanning the laser (photoexcitation) beam along the surface of BR will deliver an intensity distribution proportional to the electric field generated inside the BR film.
When the photoexcitation process of the protein is synchronized with the field probing technique, it is possible to make time-resolved measurements on the charge displacement time during the early stages of the photochemical cycle of the light sensitive protein. A short femtosecond laser pulse is divided into excitation and probe beams. By varying the optical delay between the two beams, the sampling probe pulses can probe the amplitude, in a voltage form, created by the interaction between the excitation beam and the BR sample under test (Bhattacharya, 1997) .
MATERIALS AND METHODS
Oriented BR films, 10-mm thick and obtained by electrophoretic deposition of PM fragments, were used for the experiments (Varo, 1981) . The BR film had an optical density of ;2 at 570 nm and was placed in direct contact with the E-O crystal, Bi 4 Ge 3 O 12 (Bismuth-Germanium-Oxide, or BGO). Any air gaps [1 mm between the BGO crystal and the protein film will seriously attenuate the electric field penetrating the BGO crystal. Atomic force microscopy images indicated that the surface roughness of our BR film was less than 0.2 mm. The BGO crystal used in the experiment is 100-mm thick and has a surface area of 10 3 10 mm 2 normal to the h001i direction. It has cubic symmetry (23), a refractive index of 2.55 at l ¼ 1.06 mm, a dielectric constant of 40, a linear electro-optic coefficient of 3.4 3 10 12 m/V, a resistivity of 8 3 10 11 V 3 cm, and a loss tangent of 0.0035. A highly reflective coating, at both wavelengths of 1060 nm and 532 nm, was placed on the protein-contacting side of the BGO crystal. The BGO crystal-BR film pair is sandwiched between two glass plates coated with indium tin oxide (ITO), as shown in Fig. 2 . The ITO provides an optically transparent conductive coating that allows the two glass plates to be connected via a conducting shunt. This arrangement forces the entire voltage differential generated by the protein photoexcitation to be imposed across the BGO crystal.
The temporal resolution of our apparatus is limited by the pulse-width of the laser (500 fs) and the transit time of the probe pulse through the BGO crystal. The influence of the E-O crystal geometry on the measurement resolution is determined by the convolution of the optical probe pulse and the BR electrical field signal as they propagate though the E-O crystal. When the propagation of these two signals are parallel, the temporal resolution is merely the time for the optical sampling pulse to travel across the active region of the crystal, which is DT limit ¼ ;1.3 ps. This transit time would mean that the fastest exponential formation time that our system could reliably measure is t limit ¼ DT/e ¼ ;0.5 ps. Although deconvolution can extend the resolution, and we explore that issue below, it is important to note that the relevant temporal variables measured in this study are longer than the limits imposed by these values (e.g., DT meas ¼ 4.5 ps, t form ¼ 1.68 ps).
Measurements are made with a passively mode-locked 1.06-mm regenerative amplifier delivering 500 fs, 0.025 mJ pulses with a repetition rate of 1.4 KHz. As we discuss below, we are using a much higher repetition rate than is optimal for studying a protein with a 10-ms photocycle. While lower repetition rates could be achieved by using a pulse-picker, lower rates will decrease the signal-to-noise ratio below an acceptable level. Each laser pulse provides a single measurement which must be extracted from the noise by using a lock-in amplifier, and there is a repetition rate below which analog lock-in detection is no longer effective at extracting the signal. For the present study, rates \1 KHz would not have provided an adequate signal-tonoise ratio. We discuss this issue in more detail below and demonstrate that the accuracy of our measured formation time observed will not be diminished by the choice of repetition rate.
The photocycle of the protein is initiated by using a separate pump beam at 532 nm which is generated with a nonlinear BBO crystal. The 1.06-mm probe beam is passed through a variable delay line and the sample is placed between crossed polarizer and analyzer. The accuracy of the delay time is limited by the pulse width of the incident light, which is 500 fs. Detection of the transmitted probe signal is done by using a cooled InGaAs photodiode and lock-in technique for increased sensitivity. For mapping the field distribution in the BR film and BGO crystal, 532 nm light is deflected by a gold-plated mirror servoactuated by a galvanometer. User interfacing with the drive circuitry of the galvanometer is achieved by using a computerinterfaced scan controller. The scan resolution is determined by the incremental motion of the scanning mirror, as well as the integration time of the lock-in amplifier. A typical spatial resolution of 300 mm is achieved in our measurement.
RESULTS AND DISCUSSION
The temporal photoelectric response characteristics of the BR films were first measured with a 10-ns pulse YAG laser and a fast (250 MHz) oscilloscope, to confirm their suitability for electro-optic measurements. For these measurements the BR film is sandwiched between two ITO contact glass plates. A typical photoresponse characteristic, after each laser pulse (with a 10-Hz repetition rate), is shown in Fig. 3 a and is consistent with the earlier observations (Keszthelyi and Ormos, 1980; Gergely et al., 1993) . It is evident that the dried BR films generate a large photovoltage, which is necessary for the E-O measurement. The differential responsivity exhibited in the data is characteristic of BR and is believed to be due to rapid light-induced charge displacement in the membrane (Varo, 1981; Bhattacharya, 1997) , although other effects for the manifestation of the differential signal have also been proposed (Robertson and Lukashev, 1995; Hong, 1997) .
It is important to confirm that the probe beam does not saturate the BGO crystal and introduce nonlinearity in the response. To verify linearity, we passed the probe beam through the BGO crystal in the absence of the BR film and an AC voltage signal was applied to it. The detected signal increases linearly with the voltage amplitude, as shown in the inset of Fig. 3 b. Spatial mapping of the photoelectric field was performed by scanning the 532-nm photoexcitation beam across the surface of the BR film, while keeping the 1.06-mm probe beam incident onto the same point on the BGO crystal. The varying separation between the excitation region and the infrared probe beam on the sample provides quantitative information about the field distribution inside the photoexcited BR film. Fig. 3 b shows a one-dimensional photoelectric field distribution inside the BR film, when it is excited with a Gaussian laser beam. As expected, the electric field also exhibits a Gaussian profile.
The time-resolved E-O measurements were carried out with an incident (average) maximum pump beam intensity of 50 mW/cm 2 (;35 mJ/cm 2 pulse energy density) and (average) maximum probe beam intensity of 300 mW/cm 2 (;200 mJ/cm 2 pulse energy density). The transmitted probe light detected with lock-in amplification is plotted against delay time. Fig. 4 shows the normalized BR photoelectric temporal response, with the raw data shown in the insert (a). The data were fit via least-squares methods to an exponential formation and decay function to yield a formation rate of 1.68 ps and an initial decay rate of 28.1 ps. The photovoltaic signal continues to rise for 4.5 ps after excitation and represents the limiting temporal response of a photodetector based on the native BR protein.
We note that the measured transient signal was always biased by a fixed background signal. When the initial pump pulse excites the BR sample, there are a large number of BR molecules available for charge displacement. As noted in Methods, the 1.4 KHz repetition rate was kept at the lowest possible value consistent with a viable signal-to-noise ratio. At ambient temperature, the photocycle of light-adapted BR requires ;20 ms for [98% of the protein to return to the initial resting state. If we were required to maintain all the molecules in the resting state, we would need to use a repetition rate of 50 Hz or less. By using a 1.4-KHz repetition rate, the vast majority of the excited BR molecules will still be in the photocycle when the next pulse arrives. Thus, the measured transient signal will be biased by a fixed background signal that represents the steady-state photovoltage associated with the collection of protein molecules still going through the photocycle. The background signal has two origins. First, intermediates continuing through the photocycle will create a photovoltage associated with the B2 and B3 processes as shown in Fig. 3 a. Second, these FIGURE 4 The photovoltaic signal from BR at ambient temperature measured using the system shown in Fig. 2 is plotted after normalization and inversion (original data shown in a, inset). The data are least-squares fit to an exponential formation and decay product function and the time constants and error function are indicated. FIGURE 3 (a) Measured photoelectric response characteristics of dried film of BR oriented between two ITO plates. The fast (B1) and slow (B2 and B3) components are associated with both structural changes in the protein as well as net translocation of the proton. The rise and decay time of B1 could not be accurately measured due to the limited bandwidth of the measurement system. The photoelectric response of the BR film as a function of scanning distance is shown in b. The pump and probe beams were focused during the mapping process to achieve a spatial resolution of 300 mm. The inset indicates that, in the electro-optic sampling measurement, the detected light intensity is directly proportional to the electric field inside the BGO crystal.
intermediates are photoactive and upon excitation can generate new photovoltage transients. The question we now address is whether this background signal will influence our measurements.
We minimized the number of molecules remaining in the photocycle as well as the magnitude of the background signal by using dried BR films. These films have reduced hydration levels, although the key biological water remains present. Dried BR films have been shown to have a modified and partially truncated photocycle that forms very little L and virtually no N or O intermediates (Ganea et al., 1997) . Thus, the majority of protein molecules remaining in the photocycle will be in the M state (l max ¼ 410 nm). The key advantage for this study is that the M state has a very low absorptivity at the excitation wavelength of 532 nm. Thus, we will not have significant background photovoltaic signals associated with the reverse photoreaction of M to BR. In addition, the pulse energy of our photoexcitation is quite low (;35 mJ/cm 2 ) and each pulse will activate \0.3% of the molecules in the film.
Simulations indicate that these background signals will contribute to the DC offset and ringing that is observed in the signal shown in Fig. 4 , but will have no significant impact on the shape of the B1 formation signal. Thus, we are confident that our measured formation times are reliable. In contrast, we predict a small impact on the B1 decay signal at longer time. We consider the B1 decay values measured here to be approximate.
Although the background signal discussed above will have no impact on the B1 formation time measured in this study, the B1 signal that we measure is limited by the temporal resolution of the apparatus. The finite size of the E-O (BGO) crystal and the pulse width individually impose a 0.5-ps resolution limit on the calculated exponential formation time (see above). We explore the impact of this experimental constraint by using deconvolution and three different kinetic models to assign the formation time. We view over-deconvolution as worse than none at all, so we have taken the conservative approach of deconvolving with reference to a 500-fs Gaussian excitation pulse. The results are presented in Table 1 . In general, deconvolution decreases the exponential formation time by 0.07 6 0.02 ps. (Deconvolution has no significant impact on the decay time.) We note that this shift is comparable to the experimental error, but suggest that the best estimate of the formation time is the deconvolved value of 1.61 6 0.04 ps.
A comparison of the kinetics of the photovoltage with previous studies of the primary event kinetics is shown in Fig. 5 . Note that the temporal axis is presented using a log scale. Previous studies of the photokinetics of the K state yield a maximum concentration of this species between 3 and 5 ps (Sharkov et al., 1985; Polland et al., 1986; Dobler et al., 1988) . The assignment of the formation kinetics is complicated by the presence of the J precursor, which has a shifting absorption spectrum and is generally believed to be a vibrationally hot ground state species (Mathies et al., 1988; Pollard et al., 1989) . Assignment of the decay kinetics of the K state is complicated by the presence of the KL intermediate, the population of which is difficult to rigorously assign due to its spectral similarity to K (Milder and Kliger, 1988; Doig et al., 1991) . We have plotted the range of experimental results for the K state kinetics in Fig. 5 . We note that the formation of the fast photovoltage is in excellent agreement with the observed formation kinetics of the K state. Thus, we can conclude with confidence that the formation of the K state is responsible for the onset of the B1 photovoltage. In contrast, our photovoltaic signal decays more rapidly than ðtÞ; that fits the formation and decay using a product of the two exponential terms shown. In this equation, t 00 is the onset time, t form is the exponential formation time (shown in the left column), and t d1 is the decay time (28.5 ps, 28.2 ps with deconvolution). The composite equation is assumed to be zero when t \ t 00 . The second equation set uses a split equation with the formation term used when t \ t 01 and the decay term used when t $ t 01 . In this equation, t 01 is the fitted time at maximum intensity of the signal and t d1 is the decay time (34.8 ps, 34.4 ps with deconvolution). The third equation is a linear combination of the above two fits with g 1 and g 2 calculated by the formulas g 2 ¼ min½1; ðt ÿ t 00 =ðt 01 ÿ t 00 Þ and g 1 ¼ 1 ÿ g 2 .
FIGURE 5 The B1 photovoltaic signal (purple) is compared to the population kinetics of the I 460 *, J, K, and KL states. The range of experimental assignments of the K state population dynamics is indicated in yellow. Note that the formation kinetics of the K state and the B1 photovoltage coincide within experimental error.
aggressive estimates for the formation of the KL state. We conclude that the decay rate of the photovoltaic signal is due in part to relaxation processes of the protein indirectly coupled or precedent to the formation of the KL state.
The recent crystallographic study of the trapped K state carried out by Schobert et al. (2002) provides an opportunity to explore the molecular origins of the B1 photovoltage. Starting with the BR and K structures in the protein data bank file 1MOP, we added and energetically minimized the hydrogen atoms following standard procedures (Ren et al., 2001) . Atomic charges were calculated by using the AM1 Hamiltonian and the linearized semiempirical methods available in MOPAC 2000 (Stewart, 1996) . The electrostatic field generated by the formation of the K state was calculated by generating a charge difference map as shown in Fig. 6 . We note that only residues that change position or charge density in going from the BR to the K state will contribute to the photovoltage. The key residues with respect to a differential charge shift are shown in Fig. 6 . The crystal structure of the K state predicts a photovoltage three times larger than that induced via the excitation process ( Fig. 1 ) and in the opposite direction (Fig. 6) . The K state depicted in Schobert et al. (2002) predicts only a partial isomerization of the chromophore, and the chromophore geometry differs from the light-adapted resting state of the protein only in the imine region (see Fig. 6 ). Nevertheless, the partial isomerization is sufficient to induce a calculated negative photovoltage associated with the chromophore. This photovoltage is significantly enhanced by the coordinated motion of Arg-82 in the upwards direction toward the two aspartic acid residues 85 and 212. The charge profile of the K state is thus represented as distortion in the [LYS216(1):ASP85(-): ASP212(-):ARG82(1)] quadrupole with the two negative charges remaining fixed while the two positive charges shift upward. The charge shift swamps that associated with the initial excitation process (Fig. 1) because it is orthogonal to the membrane surface and has a significantly longer lifetime.
COMMENTS AND CONCLUSIONS
The B1 photovoltaic signal has been resolved with a bandwidth of better than 350 GHz. The exponential formation time of 1.68 6 0.05 ps [t(deconvolved) ¼ 1.61 6 0.04 ps] and the voltage profile as a function of time corresponds within experimental error to the observed population dynamics of the K state. Insights into the molecular origin of the signal is obtained by generating an electrostatic map of the K state relative to the BR resting state based on the crystallographic studies of Schobert et al. (2002) . This map indicates that both the partial isomerization of the chromophore and the motion of Arg-82 in response to the chromophore motion are the major contributors to the photovoltage. The importance of Arg-82 was unexpected.
In closing we return to the issue of the ultimate speed of BR-based photoreceivers. The rapid rise time is less important than the signal duration (Dt ¼ 4.5 ps) in determining the response time of the photoreceiver, and the latter represents an important speed limitation of devices based on the native protein. But previous studies have demonstrated that mutations within the binding site can have a profound impact on the kinetics of the primary event (Song et al., 1993) . What remains is a systematic study of new mutants with the goal of improving the temporal response.
